Structure and phases of the Au(001) surface: X-ray scattering measurements
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X-ray diffraction is used to study the phase behavior and structure of the Au(001) surface
between 300 K and the triple point. For 7> 1170 K, the x-ray reflectivity is consistent with a thin,
disordered surface film. At 7= 1170 K, there is a reversible transition to an incommensurate,
hexagonal overlayer that resides on top of the square substrate. At 970 K, the orientation of the

hexagonal layer
incommensurability.

I. INTRODUCTION

The Au(001) surface exhibits a novel reconstruction in
which the topmost layer of atoms is believed to form a hexag-
onal lattice on top of planes of square symmetry lying imme-
diately beneath. In spite of this appealingly simple picture, a
completely consistent description of the room-temperature
structure has yet to emerge.'® Much less is known about the
behavior at higher temperatures,® but one may anticipate
that a temperature-dependent study of this surface will pro-
vide insights into two-dimensional structures and phase
transitions. In addition, experiments at temperatures near
bulk melting are essential for an understanding of the global
stability of crystal surfaces, and of the relationships between
such phenomena as roughening transitions, enhanced sur-
face vibrations, and surface and bulk melting. Accordingly,
we have carried out a comprehensive x-ray diffraction study
of the clean Au(001) surface between 300 K and just below
the triple point (7, = 1337 K). Our results encompass a
variety of behavior, including a rotational transition and a
surface-disordering transition.®” They also provide a de-
tailed three-dimensional description of the surface structure.

In this paper, we discuss the results of glancing incidence,
specular, and nonspecular x-ray reflectivity studies. In the
glancing-incidence geometry, the incident and exit x-ray an-
gles typically fall within a degree of the critical angle for total
external reflection (a, = 0.63° for Au at a wavelength of
A=1.7A). This geometry is convenient for quantitative in-
vestigations of in-plane surface structure because contribu-
tions to the background are smail, as a result of the small x-
ray penetration depth. In the refiectivity studies, the incident
and exit angies may increase to 45 °, or larger. As will be-
come apparent, this geometry is useful for characterizing the
structure of the top and succeeding layers along the direction
of the surface normal.

Experiments on the clean Au(001) surface, performed in
an ultrahigh vacuum environment,*° were carried out at
beam line A2 at the Cornell High Energy Synchrotron
Source and at the National Synchrotron Light Source using
beam lines X22C, X20C, and X22B. For large incidence an-
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with no observable change in

gles (a), slits were used to define the illuminated sample
area and all scattered x rays were collected. Then, the reflec-
tivity from a given surface periodicity (7, 7,,) is*”
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where Q =k — k' = (7, 7,, @.) is the wave-vector trans-
fer, r, is the Thomson radius, F(Q) is the form factor, W(Q)
is the Debye—Waller factor, c¢ is the cubic lattice constant of
Au, and p,, (n) is the amplitude of the density wave in the
nth layer. We will discuss specific forms for p, (1) below.
However, it is important to note that R is not sensitive to
instrumental parameters, so that absolute measurements are
possible. At grazing incidence, a Ge(111) analyzer was em-
ployed for fine resolution measurements of the overlayer lat-
tice constants and rotation angle. A complete discussion of
the sample preparation and characterization procedures has
been given in Ref. 8.

Briefly, we have identified three distinct structural phases,
which are exhibited by the Au(001) surface between
T = 300 K and the bulk melting transition at T= 1337 K.
They are (1) disordered (1170 < T < 1320 K), (2) distort-
ed-hexagonal (970 < T< 1170 K)), and (3) rotated, distort-
ed-hexagonal (300 < T'< 970 K ). The symmetries of the dif-
fraction patterns for these phases are shown in Fig. 1, where
the data obtained in the glancing-incidence geometry are
summarized. In the figure, each symbol represents a rod of
scattering extending normal to the (001) planes. The rod
scattering through the origin of reciprocal space is the specu-
lar reflectivity, while the off-axis rod scattering is the non-
specular reflectivity.

The diffraction pattern observed in the high-temperature
phase between 7= 1170 and 1337 K is shown in Fig. 1(a).
Solid squares are indexed in bulk-cubic reciprocal-lattice
units (H, K, L)c and represent the reflectivity along direc-
tions normal to'the surface joining all the bulk Bragg reflec-
tions. In the literature, these rods are referred to as crystal-
truncation rods.'® Thus the area enclosed by the solid
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FiG. 1. In-plane diffraction pattern (H, K, 0.07) for the (001)c surface of
Au. (a) Disordered phase, (b) distorted-hexagonal phase, and (c) rotated,
distorted-hexagonal phase. Each point represents a rod of scattering ex-
tending normal to the surface. Bulk [110]cand [ 110} ¢ directions are indi-
cated. Peaks corresponding to domains rotated by 90 ° were observed, but
are not shown. All the data represented in this figure were obtained at fixed
L = 0.07 in bulk reciprocal-lattice units.

squares corresponds to the substrate unit cell. At elevated
temperatures the in-plane diffraction pattern has the (1 x1)
symmetry of the bulk, consistent with an unreconstructed or
disordered surface layer. More importantly, the Q, depen-
dence of the reflectivity is consistent with the existence of a
thin disordered film (1-2 layers thick), and not with an
ideally terminated crystal. Schematic real space side and top
views of this phase of the Au(001) surface are shown in Fig.
2(a).

Below T = 1170 K there is a reversible transition to an
incommensurate, two-dimensional structure of hexagonal
symmetry. Hexagonal reciprocal-lattice vectors (1, 0)h and
(0, 1)A are indicated by open triangles in Fig. 1(b). Anim-
portant feature of this structure is an incommensurate corru-
gation along the cubic {110] direction with a wave vector
(&) just equal to the difference between overlayer (1, 0)A
and substrate (1, 1, 0)c wave vectors. In Au reciprocal-lat-
tice units, &= (0.206 + 0.001)y2c*(c* = 27/c, where
¢ = 4.08A at 300 K). This gives rise to satellites (solid cir-
cles) along directions parallel to the [110] direction, about
each hexagonal position. The existence of the satellites at 300
K led to earlier descriptions of the surface as havinga (5 1)
reconstruction. As shown below, these satellites arise from
modulations of the surface layer by the underlying square
lattice, and vice versa. Real space schematic views of this
phase, which we call the distorted-hexagonal phase, are
shown in Fig. 2(b). The incommensurability in the [110]

direction is (0.043 + 0.001)y2¢*, but there are no corre-
sponding satellite peaks.
Below 7' = 970 K, additional rods appear around each of
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FIG. 2. Schematic real space side (left) and top (right) views of the ob-
served phases of the Au (001), surface. (a) Disordered phase, (b) distort-
ed-hexagonal phase, (c) rotated, distorted hexagonal. On the left is depict-
ed the kind of information learned in reflectivity measurements, while on
the right is the kind obtained at glancing incidence. ¢ is the corrugation
amplitude, & is the incommensurability, d is the interlayer spacing of the
ideally terminated bulk, and ¢ is the fractional change in interlayer spacing
upon surface relaxation.

the hexagonal rods, as shown by the open circles in Fig. 1(c).
These occur at a fixed angle equal to + 0.81 °, and reveal the
existence of rotated domains (in coexistence with the
aligned domains). In addition, higher harmonics are visible
along the [110] direction {solids circles, Fig. 1(c)]. The
transition to the rotated, distorted-hexagonal phase is rever-
sible. It is surprising, when compared to the behavior of rare-
gas adsorbates on graphite,''"!* that the rotation angle and
the incommensurability are observed to be only weakly tem-
perature dependent between 7 = 970 and 300 K. Neverthe-
less, important features of the line shapes below 7'= 970 K
depend sensitively on temperature and on sample history.
For example, the correlation lengths are resolution limited
(> 1000 A) in the distorted-hexagonal phase, but decrease
continuously as the temperature is lowered below 7"= 970
K. Further, the transverse line shapes below 7= 970 K
clearly display hysteresis for increasing and decreasing tem-
peratures, and for different cooling rates.® The observation
of hysteresis raises important questions about the possibility
of attaining true thermodynamic equilibrium in the rotated,
distorted-hexagonal phase. At all temperatures, the vibra-
tional amplitude normal to the surface in the top few layers is
enhanced above the bulk value, as determined from reflectiv-
ity measurements.” ° Figure 2(c) shows a schematic real-
space view of the rotated, distorted-hexagonal phase.

In the following, we amplify certain aspects of these three
phases in more detail. A complete discussion may be found
in Refs. 7-9.
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il. DISTORTED-HEXAGONAL UNIT CELL

Figure 3 shows the results of two typical glancing inci-
dence scans through the putative hexagonal reciprocal lat-
tice at room temperature, plotted on a logarithmic scale. The
paths (a) and (b) traversed through reciprocal space are
shown inset in the top panel. The index H in the figure is the
first component of (H, K, L)c, expressed in cubic units. Be-
cause the substrate has square symmetry, the surface has two
equivalent domains related by a 90 ° rotation of the sample
about the cubic [001] direction. In the experiments reported
here, both domains yielded identical results, and therefore
only one was examined in detail.

Shown in the top panel of Fig. 3 is the result of a scan from
the origin in-plane through the (1, 1, 0.07)c substrate peak,
and beyond. The strongest peaks visible are the principal
hexagonal peak at (1, 0)h = (H, K, L)c = (1.206, 1.206,
0.07)c and the substrate peak at (1, 1, 0.07)c (see Fig. 1).
From this (and later high-resolution measurements) we
conclude that, to within our resolution, the overlayer is
weakly incommensurate (in-plane) with respect to the bulk.
The magnitude of the difference between these two is the
incommensurability § = 0.206 4 0.001,2c* along the bulk
[110] direction. It is worth remarking that all the intensity
at the hexagonal peaks arises from the surface reconstruc-
tion. In contrast, contributions to the scattering at substrate
peaks arise from layers lying within about one penetration

(H,H,0.07)cubic
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FiG. 3. Upper: scan through (1, 1,0.07)c and (1, 0) h. Lower: scan through
(0,1)A and (1, 1)A. Inset: the paths traversed through reciprocal space in
each case. The index is H in cubic reciprocal-lattice units. Solid lines are the
results of fits to the data.
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depth—several hundred angstroms for these incident and
exit angles. Typical count rates for the principal hexagonal
peak, absent the analyzing crystal, were about 10 000 per
second on a background of < 1 per second. The radial full
width at half-maximum (FWHM) of the principal hexagon-
al peak determined using an analyzing crystal was about
(210" *)c*, which corresponds to an in-plane correlation
length ( = 7/FWHM) of about 1000 A. This length is to be
compared with the several-thousand-angstrom single-step
dimension determined by reflectivity methods for this sam-
ple.®® Evidently, the in-plane crystalline order extends over
a domain of length comparable to a typical step dimension at
room temperature. Higher harmonics of the principal hex-
agonal peak, which are separated from it by integer multiples
of the incommensurability &, are visible at
H( = K) =0.794c¢c*, 1.412¢*, and 1.794¢*. We do not un-
derstand the origin of the weak scattering around the sub-
strate peak at (1, 1,0.07)c*. It reappeared, although consid-
erably weaker, in subsequent scans.

In the lower panel of Fig. 3 the result of a scan taken at
T = 300 K is shown, joining the (0, 1)/ hexagonal peak on
the left to the (1, 1)A hexagonal peak on the right. Four
harmonics of each, one separated from the next by the in-
commensurability 8, are visible. The peak at the center of the
scan, near H = 0, is the tail of the substrate peak at (1, — 1,
0.07)c [see Fig. 1(c)}. Itis manifest from the splitting of the
higher harmonics in Fig. 3(b) that the overlayer is incom-
mensurate with the substrate. Because it never reappeared in
subsequent, otherwise identical scans, we believe that the
peak at H = — 0.3 is spurious. Comparable intensities and
full widths were obtained at the (1, 1) and (0, 1)/ hexagon-
al peaks, as were obtained at the (1, 0)A.

In this way, all the in-plane peaks we have observed (see
Fig. 1) may be indexed as sums and differences of the hexag-
onal peaks at (1,0) 4, and the substrate peak at (1, 1,0.07,)c.
Equivalently, the in-plane peaks maybe indexed as sums and
differences of the hexagonal peaks and the incommensura-
bility 4. It follows that the hexagonal surface layer is modu-
lated by the substrate potential (and vice versa), which leads
to mixing of the surface and bulk periodicities in the x-ray
diffraction pattern.

Before discussing the reflectivity, we note the mean lattice
constants of the surface-layer unit cell. From high-resolu-
tion scans of the incommensurability of the (1, 0)A, (0, 1)A,
and (1, 2)4 reflections, we have determined the average lat-
tice parameters of the hexagonal unit cell to be
a=2763+0002 A, b=2766+0002 A, and
¥ = 120.03 + 0.1 ° at room temperature. The corresponding
quantities for bulk cubic (111) planes are a = 2.885 A,
b =12.885A,and y = 120 °. This implies that the overlayer is
contracted by 4.3% in the [ 110] direction and by 4.2% in
the [ 110] direction. The relative orientation of the hexagon-
al unit cell and the cubic unit cell is established by the collin-
earity of the (1, 0)A = (1.206, 1.206, 0.07)c and (], 1,
0.07)c reflections [See Fig. 1(b)]. It is important to note
that with these average lattice constants the overlayer is hex-
agonal, to within the experimental error, and incommensu-
rate with the square substrate in both directions along the
surface.
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IIl. SPECULAR AND NON-SPECUL AR REFLECTIVITY

Figure 4 displays the measured absolute reflectivity as a
function of L = Q. ¢/27 at a temperature of 1100 K, for sev-
eral in-plane wave vectors. Because the data extend over a
large range to Q, =5 A ', they are particularly sensitive to
atomic coordinates perpendicular to the surface, and allow
detailed modeling of the surface structure. Each point repre-
sents the integrated intensity obtained in a transverse
scan.®® The specular reflectivity is plotted in Fig. 4, curve
(a). As has been discussed previously,”” the line-shape
asymmetry about the Bragg peak is a clear signature of a top-
layer expansion [d, = 1.19X (¢/2)]. Figure 4, curves (e)
and (f), show the nonspecular reflectivity at the principal
hexagonal wave vectors, (1, 0)A and (0, 1)A. Qualitatively,
the Q. dependence follows the (sin @) ? behavior expected
from Eq. (1) for a hexagonal monolayer. The small devia-
tions are related to the surface corrugation and small displa-
cements parallel to [1T0].° Figure 4, curve (b), shows the
reflectivity at the modulation wave vector (8, §, L). This
profile shows a significant increase from L =1 to 2 and a
line-shape asymmetry about L =2, reminiscent of the
specular reflectivity. The simplest explanation of the similar-
ity of the Q. dependence of the reflectivity at an incommen-
surate in-plane wave vector (8, §) to the specular reflectivity
is that several layers participate in the reconstruction; that is,
are modulated. The absence of significant increase near
L = 0 of the nonspecular reflectivity along (8, 8, L) further
suggests that the modulation is a surface corrugation with
atomic displacements normal to the surface. A schematic
view of the inferred multilayer buckling is shown in Figs.
2(b) and 2(c). Similar remarks apply also to the nonspecu-
lar reflectivities along (1, 1, LY and (1 — 6,1 — &, L) shown
in Figs. 4(¢) and 4(d), respectively.

We have also fitted the reflectivity using Eq. (1), assum-
ing a locally commensurate (5x 1) structure. While this
motif is not repeated periodically, nevertheless, such a sim-
ple model for p,, (n) provides an excellent description of the
data (solid lines in Fig. 4). The parameters used were a lay-
er-dependent sinusoidal corrugation amplitude for each lay-
er ({,—¢ s ), thelayerspacings (d,.d ,, ),andalayer-depen-
dent vibrational amplitude normal to the surface (o,-0;).
A detailed expression for p, (1), including these param-
eters, is given in Ref. 9. Allowing parameters for additional
layers to vary did not improve the quality of the fits. Fitting
all the profiles of Fig. 4 together confirms the expectations
outlined above and describes in detail the data of Fig. 4,
curves (c) and (d). We find that the dependence of £, on the
distance from the surface (z,) is well described by
&= Coexp( —z,/4) with £, =028 +0.02 A (0.56 A
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F1G. 4. Absolute reflectivity of Au(001) at 1100 K for various different in-
plane wave vector transfers (7., 7. ): curve (a), (0.0), specular reflectivity;
curve (b), (8, 8); curve (¢), (1 — 8, | — &); curve (d), (1, 1); curve (e),
(0, 1)h and curve (f), (1,0)A.

peak to peak), in reasonable agreement with the He atom
scattering results of Ref. 5,and A = 3.3 + 0.6 A. Simple elas-
ticity theory leads one to expect that A be of the order of the
modulation wavelength divided by 27, i.e., 2.29 A. The sur-
face-normal vibrational amplitudes approach the bulk value
for large n but are enhanced near the surface {Table I). As
for the interlayer spacings, only d,, is measurably different
from the bulk layer spacing.

IV. ROTATED DOMAINS

As the temperature is decreased below T'= 970K, there is
a discontinuous rotational transition in which hexagonal do-

TABLE I. The rms, surface-normal vibrational amplitude for the nth layer (g, ) vs temperature. The surface layer corresponds to n = 0.

Temperature g, o, o

2 T, 0, 05 Bulk

(K) (A) (A) (A) (A) (A) (A)
300 0.19 + 0.02 0.17 0.09 0.09 0.09 0.09 0.09
1100 0.32 0.26 0.22 0.19 0.17 0.17 0.17
1200 044 + 0.04 0.34 0.29 0.24 0.21 0.19 0.18
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mains rotate to positive and negative angles. Typical trans-
verse scans (w-rocking curves) across the hexagonal rods at
(1,0)A, (2,0)A, and (1, 1) and across the substrate rod at
(1, 1, 0.07)c are shown in Fig. 5, plotted on a logarithmic
intensity scale, for 7= 650 K. In each of the scans through a
hexagonal rod, there is a peak at the center withw = 0°, and
two adjacent peaks withw = + 0.81 + 0.05 °. No additional
peaks are observed in the scan through the substrate rod at
(1, 1,0.07)c. The solid lines in the figure show the results of
fitting the data to Lorentzian line shapes, which proved su-
perior to Gaussian line shapes for this analysis. While the fits
clearly deviate in the wings, they are excellent in the neigh-
borhood of the maxima, and give reliable values for the an-
gular widths, peak positions, and peak intensities. When the
data are plotted on a linear scale, the intensity is seen to be
sharply peaked at @ = 0°, + 0.81°, and the deviations are
not noticeable.

The absence of additional peaks around the substrate peak
at (1, 1, 0.07)c unambiguously identifies the peaks at
@ = + 0.81 ° with the surface layer. The fact that the angu-
lar splitting is the same at (2, 0) 4 as it is at each comer of the
hexagonal cell then establishes that the additional peaks
arise from rotated, hexagonal domains [see Fig. 1(c)]. Ac-
cording to this interpretation, the rotation angle is just the
value of w. Because the three peaks have approximately
equal intensities, we may infer that the populations across
the surface of the unrotated and rotated hexagonal domains
are sharply peaked at w = 0° and + 0.81 ° and are roughly
comparable in number at 7= 650 K. A schematic real space
view of a rotated domain is shown in Fig. 2(c). The rota-
tional transition of the Au(001) surface is discussed in more
detail in Ref. 8.

V. DISCRDERED PHASE

At T = 1170 K, all the scattering at the in-plane hexagon-
al wave vectors, and of their satellites, abruptly disappears.
This is illustrated in Fig. 6, which shows the sum of the
integrated intensities of the rotated and unrotated compo-
nents of the hexagonal peak at (1, 0)4 plotted versus tem-
perature. As may be seen, the integrated intensity is approxi-
mately constant below 7= 1000 K, but vanishes over a
range of ~ 10 K, consistent with a first-order transition to an
unreconstructed or disordered surface layer. [ The diffrac-
tion pattern observed in the high-temperature phase is
shown in Fig. 1(a).] In addition, the reflectivity near the
(110)c-position decreases by nearly a factor of 100 as the
temperature is increased above 1170 K. In order to explore
the hexagonal disorder transition at high temperatures, we
performed measurements of the specular and nonspecular
reflectivity near 1170 K. Examples are shown in Fig. 7, at
1200 K and, for comparison, at 1100 K in the distorted-
hexagonal phase. Evidently, there is a dramatic change in
going through the transition. In contrast, there is no change
in the transverse line shape or position.” One may character-
ize the specular reflectivity as corresponding to an unrecon-
structed surface with enhanced surface-normal vibrational
amplitudes. However, it is impossible on this basis alone to
understand the decrease of the (1, 1, L) reflectivity at small
L from 1100 to 1200 K.. On the other hand, the reflectivity
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F1G. 5. Transverse scans through the surface (1,0)4, (2,0)A, (1, 1)A, and
bulk (1, 1,0.07)¢ peaks at T = 650 K. The paths transversed through reci-
procal space are indicated in the upper part of the figure. In (a)-(c) the
peak at the center of the scan is the unrotated peak. The peaks split to the
right and left are the rotated peaks. Solid lines are the results of Lorentzian
fits.
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Fia. 6. Solid circles: the sum of the integrated intensities of the rotated and
unrotated components of the hexagonal peak at (1,0) 4 for decreasing tem-
perature. Open circles: the integrated intensity of the substrate peak at (1, 1,
0.07)c versus temperature. In both cases the integrated intensities were
calculated from the Lorentzian fits to the peaks amplitudes.

from a gradual interface is invariably less than that from a
sharp interface.” Thus these data imply that at high tem-
peratures the in-plane (1, 1, 0) cubic density wave decays as
the surface is approached from the bulk. This, in fact, is the
behavior expected if the surface undergoes a melting transi-
tion.""® To model the data of Fig. 7, we have chosen the
following form for p, (n) [G = (110) cubic] in the disor-
dered phase.

pe (M) /ps(oc)=1—1/[1+ e’sinh(sn + 5)], (2)

with S=¢"[1/(1 —e *) — 1]. Other parametrizations
are also possible.” According to Eq. (2), the density-wave
profile is described by two parameters: the width of the inter-
face x ' and the thickness of the disordered, surface layer
(1). The solid lines of Fig. 7 are the results of fits with a
model, which allows a surface-normal vibrational amplitude
for each layer near the surface and which characterizes
po (n) via Eq. (2); the density of the surface layer was fixed
equal to that of the bulk planes. The resultant values of x '
and 6 are 2.9+ 04 A and 3.2 + 1.2 A, respectively, and
indicate that the surface may be described as one or two
disordered layers at these temperatures [see Fig. 2(a)] The
best-fit value of d,, corresponds to an 8.5% expansion. The
vibrational amplitudes, determined by the specular reflectiv-
ity, are given in Table I. Since the surface-normal vibrational
amplitudes are less than the (001)-layer spacing, the layer
order is still well established right to the surface. Surface
disordering transitions have previously been observed on
Pb(110)."

In summary, we have presented a detailed x-ray diffrac-
tion study of the Au(001) surface. This has allowed a defini-
tive characterization of the reconstruction. We have discov-
ered a rotational transition, which is not naturally described
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F1G. 7. (a) specular and (b) nonspecular reflectivity at 1100 K (closed
circles) in the distorted-hexagonal phase and at 1200 K in the disordered
phase (open circles). Solid lines are fits to the reflectivity discussed in the
text.

by current theories.® Finally, we have presented evidence for
a surface-disordering transition. Future experiments will
study the behavior nearer the triple point and especially the
thickness of the disordered layer.'*'* It remains to be deter-
mined whether surface disordering in this case is a conse-
quence of the instability, which leads to the reconstruction,
or whether it is generic to fcc(001) metal surfaces.
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